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Abstract 

Seed predators and dispersers may drive the speed and structure of forest regeneration in natural ecosystems. Rodents and 
ants prey upon and disperse seeds, yet empirical studies on the magnitude of these effects are lacking. Here, we examined 
the role of ants and rodents on seed predation in 4 plant species in a successional gradient on a tropical rainforest island. 
We found that (1 ) seeds are mostly consumed rather than dispersed; (2) rates of seed predation vary by habitat, season, and 
species; (3) seed size, shape, and hardness do not affect the probability of being depredated. Rodents were responsible for 
70% of seed predation and were negligible (0.14%) seed dispersers, whereas ants were responsible for only 2% of seed 
predation and for no dispersal. We detected seasonal and habitat effects on seed loss, with higher seed predation occurring 
during the wet season and in old-growth forests. In the absence of predators regulating seed-consumer populations, the 
densities of these resilient animals explode to the detriment of natural regeneration and may reduce diversity and carrying 
capacity for consumers and eventually lead to ecological meltdown. 
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Introduction 

Forest fragmentation, selective logging and defaunation are 
main drivers of global environmental change that modify 
biodiversity and environmental conditions in several tropical 
forests [1—3]. At present, anthropogenic change is affecting all 
tropical forests, and secondary and logged forests are increasingly 
replacing old-growth forests [4], Hence, there has been an 
increasing initiative to promote ecological restoration in tropical 
forests [5]. The gap in knowledge regarding both the basic 
functions of fragmented, logged, or degraded secondary forest and 
the role of invasive plant and animal species in tropical natural 
ecosystems has resulted in many failed past efforts to regenerate 
forests [6], [7]. 

According to the framework of successional mechanisms [8] , the 
best-fitted conceptual model of succession to tropical ecosystems 
[9], all of the specific factors and processes that affect species 
availability have equal importance and are components of 
succession, including the role of animals as an element affecting 
the progress of succession. Site characteristics and specific 
parameters must be considered when translating general theoret- 
ical statements to useful testable predictions relevant to a 
particular area, which can later be refined and applied across 
larger geographic areas for a full successional theory [8], Despite 
its ecological relevance, a strong understanding of the basic 
functions of modified Atlantic rainforest habitats and of the effects 
of animal composition and distribution on ecosystem processes 



and resilience remains limited [10], thus preventing the develop- 
ment of a stronger theoretical base for ecological restoration [11]. 

Forest recovery or advanced regeneration of disturbed areas 
may be limited by the availability of seeds, as has been suggested 
for most tropical plants [12], [13]. Seed availability is determined 
by the presence (soil seed bank), gains (seed rain), and losses 
(unsafe sites and seed predation) of seeds [14]. Although plants 
depend on animals as seed dispersers [13], [15], [16], and the 
factors that may affect the gains by seed rain [17-19] are well 
recognized, nearly all (>99%) seeds primarily dispersed are 
destined for failure [13]. Thus, seed predators are expected to act 
as a selective filter, determining which species are able to establish 
during forest succession, and to have an important impact on most 
tropical plant species; however, the role of resilient forest-dwelling 
animals on post-dispersal seed fate remains elusive. 

Ants and rodents are resilient animals that have relatively 
generalized diets and that can both prey upon and disperse seeds, 
serving as substitute seed dispersers of at least several species in 
Neotropical zones [16], [20-22]. However, in the absence of top- 
down force regulating, the densities of these resilient animals 
expand with negative consequences for natural regeneration, and 
thus, producers impose regulation from the bottom-up reducing 
diversity and carrying capacity for consumers in a phenomenon 
called "ecological meltdown" [23]. 

Different seed predators usually share the same environment 
and may even overlap in terms of seed species consumed [24], but 
contrasting habitats could affect the behavior of seed consumers 
and alter seed dispersal and predation [25-27]. An understanding 
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of these species' behavior as it pertains to seed loss is vital for 
predicting the potential consequences of habitat degradation on 
plant [28] and forest regeneration [29]. 

The goal of this study was to examine the factors influencing the 
seed fate of tropical trees across a disturbance gradient produced 
by different logging regimes in a rainforest fragment. Specifically, 
we evaluated the relative importance of rodents (small- and 
medium-sized mammalian seed eaters) and ants as seed predators, 
and defined the relationship between key habitat characteristics 
and the seed fate between seasons (austral summer and winter). 
We expected to observe higher levels of seed predation, or 
alternatively seed caching, by rodents than by ants due to 
differences in the foragers' abilities to handle and move seeds. 
Consequendy rodents will remove a greater total number of seeds 
than ants. Rodents and ants may differ in their susceptibility to 
local changes in environmental conditions, differentially affecting 
their abundance and behavior resulting in predictable suites of 
species associated with different disturbance regimes [30], and 
therefore, predictable rates of seed losses among habitats and seed 
species occur. If resources vary spatially within and among 
habitats and between seasons [31], we expect that seed losses 
should also vary between seasons. Along transects, the key 
vegetation variables that could influence the habitat preferences 
of seed predators were recorded. The identity of seed predators 
and seed fate were determined by following the route, final 
destination and seed marks of seed consumers using the spool-and- 
line protocol [32]. The results of this study not only help us to 
better understand a crucial process for rainforest regeneration but 
also contribute to our knowledge on the basic functions of human- 
modified Adantic rainforest habitats, which in turn facilitates the 
development of conservation and/or ecological restoration tools. 

Materials and Methods 

Study site 

The study was conducted on Anchieta Island (45°02'W; 
23°27'S), an 806 ha protected area of land in southeast Brazil. 
The Technical Scientific Committee (COTEC) from Instituto 
Florestal (IF-SP) issued all of the required permits for the work 
conducted in Anchieta. 

Europeans displaced the original indigenous inhabitants of 
Anchieta Island, who engaged in subsistence activities, in the mid- 
19th century [33]. In 1904, the nearly 412 families residing on the 
island were transferred to the continent when a state prison was 
founded in the area [33]. During the prison periods (1904—1914 
and 1928-1952), farming and selective logging resulted in land-use 
and land-cover changes on Anchieta Island [33]. In 1977, 
Anchieta Island was converted to a State Park with a strict regime 
prohibiting human intervention. Although the island is approxi- 
mately 400 m from the mainland - a surmountable obstacle for 
several animals and propagules (see review by [34] and references 
therein) - and was left for 36 years to regenerate naturally, the 
island is largely covered by successional habitat patches resulting 
from differential land-use intensity. 

Our surveys and experiments were conducted across the three 
habitats (old fields, early-secondary forests, and old-growth forests) 
on the island, which comprise 93% of the total area. The early- 
secondary forest (409 ha, 50.7% of total land cover) is predom- 
inantly composed of small trees and is characterized by a broken 
canopy with a high density of anemochorous and pioneer species 
in the seed rain [35]. Palm trees, a key component of tropical 
forests [36], are present in early-secondary forest but are more 
common in the 2 1 1 ha of old-growth forest (26. 1 %). This stage is 
characterized by more stratified vegetation, including epiphytes, 



and the highest canopy cover. The 135 ha of old fields are 
composed of herbaceous species with sparse shrubs and patches of 
bare soil, largely dominated by Miconia albicans, Myrsine coriacea, M. 
umbellata, and fern (Gleichenella spp.); this area has the lowest canopy 
cover. Human settlements, offshore rocks, sandy beaches, and 
sandy coastal forests cover the remaining 51.5 ha of the island. 

With only three ground-dwelling seed consumers found on the 
island, the diversity of small- and medium-sized rodents in 
Anchieta is low compared to that of other tropical forests [37- 
41], probably resulting from past extinctions of small mammals. 
The long history of forest disturbance, lack of predators and recent 
introduction of mesopredators probably impoverished the small 
mammal community [43], Previous studies have reported two 
small-sized rodents, the Ihering's Atlantic spiny rat (Trinomys 
iheringi) and the black-footed pygmy rice rat (Oligoryzomys nigripes) 
[43], and one medium-sized red-rumped agouti (Dasyprocta leporina) 
[42]. The spiny rat T. iheringi is less abundant here than in other 
Adantic rainforest sites, whereas the rice rat 0. nigripes [43] and the 
agouti [42] reach high densities. In the studied area, the habitat 
distribution and abundance of rodents are not randomly 
distributed: 0. nigripes is more abundant in the old fields, while 
T. iheringi is more common in the old growth forest [43]. The 
agouti, a deliberately introduced species but probably already 
present in the area, is rarely sighted in old fields, and reaches high 
abundances in early-secondary and old-growth forests ([42]; R.S. 
Bovendorp, pers. comm.). The species-area curve predicts from 
three to five rodents already been extirpated from the Anchieta 
[43] due to direct and indirect anthropogenic effects. 

Seed selection and preparation 

We tested four tree species with different seed dispersal modes - 
dispersal by small- and large-gaped birds, mammals, and wind - 
and different successional stages (Table 1). Although differential 
seed predation by ants and mammals includes the full range of 
seed sizes in the community, our comparison focused only on seeds 
larger than 20 mg. Some studies have demonstrated a trend of 
higher seed losses in species with smaller seeds [44-46], but we 
have focused on seeds large enough to be preyed upon by both 
groups because (i) rainforests contain more large-seeded species 
than any other type of forest [47]; (ii) large-seeded species are often 
preferentially cached by seed predators [48], [49]; and (iii) large- 
seeded species have a high potential for survival in disturbed 
habitats if they survive through germination [50]. Plant species 
were selected based on local abundance and seed availability at the 
time of the study. Ripe fruits and pods were collected from several 
trees in the study site area. The seeds were cleaned of pulp and 
visually inspected for insect infestations. We discarded (i) seeds 
identified as potentially damaged, decayed, or desiccated; (ii) those 
with emerging radicles or abnormal development; and (iii) those 
with potential bruchid infestation ([17], but see [51]). We saved a 
random subsample of the collected seeds to quantify functional 
traits (Table 1). 

Experimental design 

The seed fate experiments were primarily conducted along 
previously established trails across the Anchieta Island; a 
minimum length of ~ 1 .5 km per habitat was evaluated. 

Seed removal and seed fate. We assessed the fate of seeds 
by applying the spool-and-line protocol [32]. This protocol 
involves a thread-filled bobbin from which the line is supplied. 
The seed, drilled and attached to the end of the line, is carried 
away, allowing the animal route, seed location and fate to be 
determined [32]. With the exception of Myrsine coriacea, whose 
smaller seed size required quick bonding gel glue to attach the 
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threads, each seed was threaded with a 35 m line spool bobbin 
fixed parallel to the soil by an L-shaped steel rod, allowing the line 
to easily unroll when the seed was removed. The spool-and-line 
protocol is considered an efficient method for describing the fate of 
seeds consumed by ground-dwelling animals [32]. 

A total of 60 experimental seed-removal stations were simulta- 
neously established, with 20 stations per habitat. The experimental 
stations were established at 50 m intervals along the existing trails, 
and each station consisted of four (15x1 5-cm) plots ~ 1 m from 
one another. Each plot contained three seeds from a single species 
gathered from the forest ground to mimic the natural dispersal of 
seeds by either animals or wind. All seeds within a 2 m radius from 
the experimental stations were removed from the soil surface 
before setting up the experiment. Across dry and wet seasons, we 
determined the fate of 1440 seeds in total (360 seeds/species). 

Seeds were set out at each experimental station to determine the 
fate of seeds in open field, early-secondary, and old-growth forests 
during both the wet (February-March 2007) and the dry seasons 
(August-September 2007). After 30 d, a period sufficient to 
evaluate seed removal in an Atlantic rainforest [21], [52], the 
number of seeds present that were intact, preyed upon by insects 
or rodents, moved and buried, or moved and left on the surface 
were recorded. We considered seeds to have been moved if they 
were located at least 1 m away from the plot center. Damaged 
seeds were assumed to have been preyed upon, and marks or other 
visual signs were used to identify the seed predator. Signs of 
mammal seed predation included piles of husks, baited seeds in a 
triangular or quadrangular format and partially eaten seeds with 
teeth marks. Insect predators, for example, ants of the genus Atta, 
left an empty seed coat. Dispersed seeds were classified as non- 
cached (dispersed on the forest floor) or scatter-hoarded (cached in 
the soil or beneath the leaf litter). When the line was broken and a 
seed was missing, the surrounding area was searched. All but 1 1 of 
the seeds set out were either relocated or showed signs of seed 
predation. Thus, even for seeds that could not be located, seed 
removal was referred to as seed predation. 

Seed traits. A subsample of 30 diaspores of each target 
species {Euterpe edulis, Syagrus romanzqffiana, Myrsine coriacea and 
Schizolobium parahyba) was measured to determine seed mass, shape 
and hardness. Cleaned seeds (without pulp or wings) were weighed 
on a microbalance. Then, length, depth and width were measured 
using an Avenger digital caliper. Seed shape was described as the 
extent to which the shape differed from sphericity, as determined 
by variance in seed length, depth and width. This variance had a 
minimum value of zero in perfectly spherical seeds and a higher 
value in needle or disc-shaped seeds [53]. 

Seeds were subjected to a resistance test using a Losenhau- 
senwerk hydraulic testing apparatus at Escola Superior de 
Agricultura "Luiz de Queiroz" of Universidade de Sao Paulo, 
ESALQ/USP. Rodents were the main seed predators on the 
island, so a sharp steel piece was attached to the equipment to 
mimic an incisive tooth bite. We recorded the force required to 
penetrate each seed coat and the width of the seed where it was 
opened to calculate the total and relative forces required for the 
animal to access the endosperm, expressed as Newtons (N/species) 
and Newton centimeters (N*cm), respectively. We analyzed the 
total and relative forces to examine whether the total force that 
must be applied by a seed predator was a limiting factor for each 
tested species or whether the relative force is more important. 

Site characteristics. Variation in seed losses among habitats 
has been attributed to differences in vegetation structure [24 and 
references therein], [26], resource availability and distance to 
important fruiting trees [54-57], and litter thickness [58-60]. 
Thus, seasonal habitat variation among these attributes may 



PLOS ONE | www.plosone.org 



March 2014 | Volume 9 | Issue 3 | e90060 



Seed Fate under Contrasting Logging Regimes 



reflect the abundance and spatial distribution of microsites 
preferred by generalist and resilient seed consumers [6 1] . 

Vegetation structure: Measures of relative plant abundance, 
which included the basal area for the overstorey and the cover for 
the understorey, were obtained by measuring the fraction of the 
sky visible beneath the canopy (DIFN) and the leaf area index 
(LAI), respectively. Data were acquired using an LAI-2000 Plant 
Canopy Analyzer (LI-COR Inc., USA) and were based on indirect 
measurements determined by calculating the efficiency of light 
interception by the plant canopy [62] . 

Plant phenology and distribution of palm trees: The Fournier 
index (FI) of intensity, a semi-quantitative measurement (scaling 
from 0 to 4), was applied to score the density of ripe and unripe 
fruits/seeds in each habitat [63], [64]. The FI was determined at 
the beginning of the study and on the 30 th day after setting up the 
seed predation experiments for all of the trees with diameter at 
breast heigh (dbh) & 1 5 cm and a distance of S2 m from each side 
of the trail [63], [64]. Due to the importance of palms on Anchieta 
Island, particularly to the frugivore community [65], we counted 
the number of palm trees within 4 m of each side of the trails in 
each habitat. 

Litterfall: The effect of leaf litter deposition on seed predation 
was tested because some authors have noted that rodents' ability to 
find seeds in plant litter is reduced [58], [59], which increases seed 
survival and germination [60], whereas ants' ability to find seeds 
may increase with litter density [66], [67]. The litterfall was 
sampled in 50x50 cm parcels haphazardly selected in each station 
(n = 60). The samples were dried at 60°C for 72 h and weighed. 

Data analysis 

Two-way ANOVAs with interaction terms were used to test 
whether seed removal varied according to habitat, plant species 
and season. Tukey's HSD multiple comparisons procedure was 
used to separate habitat groups when either habitat or species was 
found to be a significant factor. The dependent variable (seed 
predation) was square-root transformed, and the residuals were 
examined to test the assumptions of normality and homogeneity of 
variances, respectively [68]. Seed predation was quantified as the 
proportion of preyed on seeds tracked in each plot. The 
proportions of depredated seeds per species were analyzed to 
calculate the main effects of seed predation [69] . 

Nonmetric multidimensional scaling (NMDS), a multivariate 
ordination analysis that achieves clear representation of the 
distance among objects [70], was used to identify the underlying 
ecological parameters that influence the distribution of seed 
predation among habitats and species, as well as between seasons. 
The NMDS ordination followed the recommended procedures 
[70] and was applied to the site characteristics (LAI, DIFN, 
litterfall biomass, number of palm stands, production (FI %) of ripe 
and unripe fleshy fruits) and to the seed traits (seed mass, seed 
shape, seed hardness expressed as force (N) and relative force 
(N*cm) to crack the seed), using the arithmetic means for all data. 

The NMDS analyses were performed in R, using the metaMDS 
function ( ) from the vegan package. Euclidian distances were 
applied between object points and 1,000 random starts to 
determine the best possible solution. The NMDS biplot was 
constructed using two dimensions. For instance, Sheppard 
diagrams were used to inspect the residuals of the NMDS 
solutions and transformations, as well as the stress values as 
goodness-of-fit [71]. In addition, the goodness-of-fit of both 
ordinations was measured as the R 2 value of either the linear or 
non-linear regression of the NMDS distances on the original plots. 
Spearman's rho correlation coefficients were used to determine the 
strength of the relationships between seed predation and the 



analyzed site characteristics and between seed predation and seed 
traits. All comparisons reported used two-tailed significant tests at 
the 0.05 level and were performed using R [72]. 

Results 

Seed removal and seed fate 

With the exception of two palm seeds (an E. edulis seed dispersed 
without caching and a S. romanzqffiana partially buried seed, both of 
which were hoarded <5 cm from old-growth forest plots during 
the wet season), all located seeds were evidently destroyed (i.e., the 
endocarp was perforated, and the endosperm had been con- 
sumed). Therefore, secondary dispersal was negligible, and seed 
removal was referred to as seed predation, even for the eleven 
seeds that could not be located (<0.8%). 

The average seed predation from the 60 experimental stations 
was 70% (range = 61.7%— 77.5%) across the two seasons. Signs of 
seed predation by both insects and small- and medium-bodied 
rodents were observed. Independent of the season, rodents played 
a key role as seed predators (98% of consumed seeds). A non- 
significant trend was determined for the relationship between 
morphological traits and seed predation (Spearman's correlation, 
P>0.05 for all comparisons): however, a post-hoc Tukey's HSD 
multiple comparisons test showed that the spherical-shaped and 
softer seeds (M. coriacea and E. edulis) were consumed more 
frequently than were S. parahyba and S. romanzqffiana (at P<0.05 
level). Consumption by invertebrates (ants) was detected in only 
2% of seeds and occurred exclusively in old field. Despite the 
season or seed species, old field had the lowest overall seed 
predation (Fig. 1). 

The number of seeds attacked varied significantiy with seed 
species (ANOVA, F= 10.3; df = 3; P<0.0001), habitat (F = 56.0; 
df=2; P<0.0001) and season (F = 20.7; df= 1; P<0.0001). A 
significant interaction effect was determined for species x habitat x 
season (F = 3.7; df=6; P = 0.001) but not for species x habitat 
(F= 1.85; df=6; P = 0.08) or for species xseason (F=2.37; df= 3; 
p = 0.07) (Fig. 1). Surprisingly, in the dry season, the effect of 
habitat on seed predation was even more evident (F = 84.5; df = 2; 
P<0.0001). During the dry season, seed predators tended to 
concentrate their activity in forested habitats (Fig. 1 A). The highest 
seed loss occurred in the wet season (Fig. IB), being statistically 
greater in the old-growth and early-secondary forests than in the 
old field. 

In the wet season, M. coriacea showed the same general pattern 
of lowest seed loss in the old field (F= 15.08; df = 2; P<0.0001), 
but seeds of E. edulis, S. parahyba and S. romanzqffiana were 
consumed equally among the habitats (P>0.05 for all compari- 
sons, Fig. 1). Based on Tukey's HSD multiple comparisons, each 
individual species showed the same general pattern of highest seed 
predation in the old-growth forest, intermediate predation in the 
early-secondary forest and lowest predation in the old field during 
the dry season (Fig. 1). 

Seed traits, site characteristics and seed predation 

Non-metric multidimensional scale (NMDS) biplot projections 
of seed traits allow visualization of the relationship between 
seasonal variation and both seed predation and site characteristics, 
but not visualization of the relationship between seed predation 
and seed traits (Fig. 2). The representation of seed trait variables 
projected by the NMDS biplot showed four groups, one per seed 
species (Fig. 2A), with no seed morphological traits directiy 
affecting seed survival (Spearman's correlation, P>0.05 for all 
comparisons). 
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Figure 1. Average seed predation (square-root transformed) per seed species among habitats during the (A) dry and (B) wet 
seasons. Error bars indicate the standard error (SE) of the means. 
doi:1 0.1 371 /journal.pone.0090060.g001 



The eigenvector ordination of site characteristics and seed 
predation resulted in five groups, which corresponded to the 
seasonal variance in site characteristics among habitats (Fig. 2B). 
Thus, notwithstanding the seed species, the ordination grouped 
each habitat per season. The exception was the old field grouping, 
which remained constant between seasons, although a slight 
grouping tendency was observed (Fig. 2B). 

Higher seed intakes were observed in those habitats where palm 
trees were more abundant (Spearman's rho = 0.57; p = 0.004) and 
where resource availability, of both unripe and ripe fruits, was 
more abundant (rho = 0.44; p = 0.03 for both comparisons). 
Therefore, there was a positive correlation between palm stands 



and site fruit productivity (rho = 0.97; p<0.0001). Seed consump- 
tion was concentrated at sites with lower scores for the fraction of 
visible sky (DIFN; rho = —0.56; p = 0.004) and denser vegetation, 
which gave a higher leaf area index (LAI; rho = 0.57; p = 0.004). 

Discussion 

Post-dispersal seed predators play an important role in species 
regeneration in Anchieta, where seeds are mostly depredated 
rather than dispersed; however, the rates of seed predation vary by 
habitat, season, and species while seed size, shape, and hardness 
did not affect the probability of being depredated. 



(A) 



Stress=0.0027 

Non metric fit, R2=0.997 



OGF Wet 3 
OGF Dry 3 
ESF Wet 3 

OF Wet 30GF_Wet_4 



OGF Drv 4 



[>F_Dry_3 
ESF Drv 3 



ESF_W«t_* - - 
OFJtryJ 
ESF Dry_4 



ESF Drv 2„„ ,„ . 
- " OF Wet 2 
OF_Dry_2 ESF_Wet_2 
OGF_Wet_20FG Drv 2 



ESF Wet , OGr - D '>-> 

OF_Wet_l 
OF_Dry_16GF_Wet J 
ESF Drv 1 



0.0 

Dimension 1 



(B) 



Stress=0.0018 

Non metric fit, R2=0.5 



OGF Drv 1 
OFG_Dry i 
OGF Drv 4- 

OGF Drv 3 



OGF_Wet_2 

OGF_Wet_3 

OGF Wet 4 ~, 

- OGF W et I 

ESF.Wet 2 
ESF_Wet 1 
■ESF_Wet_3 
ESF Wet 4 OF.Dry.2- 



ESF.Dry 2 ESF Dry 1 
ESF Drv 3- 



OF Drv I- 



OF.Wet 
OF W et 4 

.OF Wet 2 
,<>K Dry 4 
OF Wet 3 



-0.5 0J 

Dimension 1 



Figure 2. NMDS analyses of habitats (orange = Old Field; green = Early-Secondary Forest; purple = Old-Growth Forest) between 
seasons (dry = lighter and wet = darker colors) and among seed species (1 = Euterpe edulis, 1 = Myrsine coriacea; 3 = Schizolobium 
parahyba and 4 = Syarus romanzoffiana). Data were analyzed for (A) seed predation and site characteristics: LAI, DIFN, litterfall biomass, number of 
palm stands, and production (% Fl) of ripe and unripe fleshy fruits and for (B) seed predation and morphological seed traits: seed mass, seed shape, 
and seed hardness (expressed as force and relative force required to crack the seed). 
doi:1 0.1 371 /journal.pone.0090060.g002 
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In tropical early-secondary communities, the rates of seed 
predation assessed via seed removal experiments are usually high 
(50-80%) [18], [26], [50], [73], [74], while in control "pristine" 
areas, the rates only reach 20% [26]; however, the causes of seed 
mortality, as well as the influence of season and habitat on seed 
fate, contrast with previous findings. Differences in seed predation 
rates among habitats with varying vegetation cover have been 
previously observed in human-altered tropical forest habitats in 
Costa Rica [50], [75], but those differences in seed losses were 
attributable to insect predation (greater in mature forests), as 
mammal seed intake was equivalent in both early and mature 
forests. Ant seed predation is negligible in our study area and 
restricted to old field, and discrepancies in seed consumption rates 
among species and habitats are attributable to rodents, particularly 
the medium-sized agouti. The rodent community as a whole 
forages selectively on large-seeded species that tend to dominate 
annual plant biomass, however, it is expected that predation by the 
ant community may commonly fall most heavily on those 
abundant seed types [76]. The seeds used, however, were 
relatively large, and previous studies have shown a trend for 
higher ant seed removal with smaller seeds (20-100 mg; [77]). 

Our findings strongly suggest that rates of seed predation by 
rodents vary among habitats with different logging regimes due to 
differences on site structure and resource distribution. In Anchieta, 
higher seed losses occur in areas with more dense vegetation, 
where fruit availability tends to be more heterogeneous and 
abundant [31]. This result is unexpected, given that several 
tropical studies have reported higher levels of seed predation in 
successional habitats relative to forest (e.g. [26]), [78-80]. The red- 
rumped agouti's high density (156-243 ind. km 2 ; [42]) combined 
with the absence of predation risk and low availability of fruits and 
seeds (1 19 kg ha 'y [65]), varying both seasonally and spatially 
among habitats [3 1] , may explain the intensive and indiscriminate 
seed predation and negligible secondary seed dispersal. Indeed, 
there is a general consensus that fruit scarcity alters seed handling 
by the scatter-hoarders, as they tend to consume (i.e., destroy) 
more and scatter-hoard fewer seeds when food availability is low 
[20], [56], [81]. 

Palms are considered one of the most important food species for 
rodents [55-57], [82]. Palm stands are restricted to early- 
secondary and old-growth forest and are more abundant in old- 
growth forest, a locale that exhibits a notably higher percentage of 
fleshy fruit in the dry season [65] and overall seed predation. In 
the wettest season, trees exhibit a higher percentage of individual 
fruiting than do palms [65], in turn causing higher rates of seed 
predation within all habitats. In old field, where site structural 
characteristics and seed predation persist steadily between seasons 
and seed species, seeds are predominantly attacked by small 
rodents [43], as indicated by teeth marks left on baited seeds. In 
fact, sampling of the small mammal community has shown that in 
Anchieta rice rats avoid microhabitats occupied by highly 
abundant arboreal mesopredators, including the black-eared 
opossum Didelphis aurita and coatis {Nasua nasua), and are more 
abundant in old fields [43]. Typically, these medium-sized 
mesopredators are abundant in the absence of top-down control 
[23], [83]. 

Our experimental results are also inconsistent with other 
findings showing that large-seeded species may escape predation 

References 

1. Morris RJ (2010) Anthropogenic impacts on tropical forest biodiversity: a 
network structure and ecosystem functioning perspective. Philos Trans R Soc 
Lond B Biol Sci 365: 3709-3718. 



in anthropogenic defaunated areas, while residual fauna will 
preferentially attack small-seeded species [28], [44], [77]. We 
found that the rate of seed predation by rodents was not different 
for small- and large-seeded species, without any morphological 
seed traits (seed mass, seed shape or seed hardness) being strongly 
linked with seed predation. Blate et al. [44] suggest that lower 
predation rates for large seeds may be explained by the scarcity of 
predators capable of penetrating their hard seed coats. Although 
tested on only a few species, their hypothesis could explain the 
greater consumption of softer-seeded species by small rodents in 
old field; however, this hypothesis does not apply to those habitats 
where agoutis are more abundant and there is often indiscriminate 
seed predation. 

Several tropical large-seeded species are known to be strongly 
dependent on scatter-hoarding rodents, such as spiny rats 
(Trinomys, Proechymis, Heteromys), squirrels (Sciurus), acouchies 
(Myoprocta), and agoutis (Dasyprocta) [84], that are able to gnaw 
open the woody coat or disperse the seeds by scatter-hoarding in 
the soil, a safe site for recruitment [85], [86]; however, only seeds 
larger than 0.9 g are likely to be cached by agoutis [49]. In 
disturbed sites, where small-seeded species predominate [87], very 
few species have seeds large enough to escape predation by the 
agoutis. 

In tropical forests, an increasing human-dominated fragmented 
and defauned environment, residual rodents are usually dominant 
overabundant seed predators and/ or exhibit high rates of seed 
predation [26], [88-98], and might regulate the amount, location, 
and fate of seeds. Although rodents may have limited beneficial 
effects if removal sometimes results in dispersal [99], [100], for the 
tested Atlantic forest species, the effects appear to be predomi- 
nandy negative. Howe and Brown [101] report that rodents may 
selectively consume and destroy seeds of some taxa more than 
others, thereby providing a competitive advantage to less preferred 
species. This suggests in predator-free habitats, the resilient rodent 
community may represent a severe bottieneck in regeneration 
process, with a potential and significant role in biodiversity loss 
and lowered carrying capacity for consumers [23]. Habitat 
fragmentation and/or isolation could also alter the relevance of 
interactions that could affect biodiversity in many ways [102]. 
These results have profound implications for the conservation and 
restoration of increasingly disturbed and impoverished tropical 
habitats. 

Acknowledgments 

The authors are thankful for the assistance of Sergio Nazareth and Diego 
Vcrdugo and for the helpful input and encouragement from Pedro 
Jordano, Gislene Ganade and Marco Aurelio Pizo. We thank the 
anonymous reviewers for their valuable suggestions and constructive 
comments. We are also indebted to the Fundacao Florestal for logistic 
support and for permission to conduct our study on Anchieta Island. 

Author Contributions 

Conceived and designed the experiments: MF MG RRR. Performed the 
experiments: MF MG. Analyzed the data: MF MG HTZC. Contributed 
reagents/materials/analysis tools: MF MG HTZC. Wrote the paper: MF 
MG. 



2. Hill JK, Hamer KC (2004) Determining impacts of habitat modification on 
diversity of tropical forest fauna: the importance of spatial scale. Journal of 
Applied Ecology 41: 744-754. 



PLOS ONE | www.plosone.org 



6 



March 2014 | Volume 9 | Issue 3 | e90060 



Seed Fate under Contrasting Logging Regimes 



3. Galctti M, Dirzo R (2013) Ecological and evolutionary consequences of living 
in a defauned world. Biol Conserv 163: 1-6. 

4. Wright SJ (2010) The future of tropical forests. Ann N Y Acad Sci 1 195: 1-27. 

5. Chazdon RL (2008) Beyond deforestation: restoring forests and ecosystem 
services on degraded land. Science 320: 1458-1460. 

6. Rodrigues RR, Lima RA, Gandolfi S, Nave AG (2009) On the restoration of 
high diversity forests: 30 years of experience in the Brazilian Atlantic Forest. 
Biol Conserv 142: 1242-1251. 

7. Wuethrich B (2007) Reconstructing Brazil's Atlantic rainforest. Science 315: 
1070-1072. 

8. Pickett STA, Collins SL, ArmestoJJ (1987) Models, mechanisms and pathways 
of succession. Bot Rev 53: 335-371. 

9. Peterson CJ, Carson WP (2008) Processes constraining woody species 
succession on abandoned pastures in the tropics: on the relevance of temperate 
models of succession. In: WP Carson, SA Schnitzer, editors. Tropical forest 
community ecology. Oxford: Wiley-Blackwell. pp. 367-383. 

10. Morellato LP, Haddad CFB (2000) Introduction: the Brazilian Atlantic Forest. 
Biotropica 32: 786-792. 

1 1 . Palmer MA, Falk DA, Zedler JB (2006) Ecological theory and restoration 
ecology. In: DA Falk, MA Palmer, JB Zedler, editors. Foundations of 
Restoration Ecology. Washington: Island Press, pp. 1-10. 

12. Muller-Landau HC, Wright SJ, Calderon O, Hubbell SP, Foster RB (2002) 
Assessing recruitment limitation: concepts, methods and case studies from a 
tropical forest. In: DJ Levey, WR Silva, M Galctti, editors. Seed dispersal and 
frugivory: ecology, evolution, and conservation. Wallingford, UK: CAB 
Iternational. pp. 35-53. 

13. TcrborghJ, Pitman N, Silman M, Schnitzer H, Nunez V (2002) Maintenance 
of tree diversity in tropical forests. In: DJ Levey, WR Silva, M Galetti, editors. 
Seed dispersal and frugivory: ecology, evolution and conservation. Wallingford: 
CABI International, pp. 1-17. 

14. Wijdevcn SMJ, Kuzee ME (2000) Seed availability as a limiting factor in forest 
recovery processes in Costa Rica. Rcstor Ecol 8: 414—424. 

15. Farwig N, Berens DG (2012) Imagine a world without seed dispersers: a review 
of threats, consequences and future directions. Basic Appl Ecol 13: 109-115. 

16. Howe HF, Smallwood J (1982) Ecology of seed dispersal. Annu Rev Ecol Syst 
13: 201-228. 

17. Aide TM, Cavelier J (1994) Barriers to lowland tropical forest restoration in 
Sierra Nevada dc Santa Marta, Colombia. Restor Ecol 2: 219-229. 

18. Nepstad DC, Uhl C, Pereira CA, Silva JMC (1996) A comparative study of tree 
establishmentin abandoned pasture and mature forest of eastern Amazonia. 
Oikos 75: 25-39. 

19. Munro NT, Fischer J, Barrett G, Wood J, Leavesley A, et al. (2011) Bird's 
response to revegetation of different structure and Horistics - arc ''restoration 
plantings" restoring bird communities? Restor Ecol 19: 223—235. 

20. VanderWall SB, Kuhn KM, Beck M (2005) Seed removal, seed predation, and 
secondary dispersal. Ecology 86: 801-806. 

21. Galetti M, Donatti CI, Pires AS, Guimaraes PR, Jordano P (2006) Seed 
survival and dispersal of an endemic Atlantic forest palm: the combined effects 
of defaunation and forest fragmentation. Bot J Linn Soc 151: 141—149. 

22. Guimaraes PR, Galetti M, Jordano P (2008) Seed dispersal anachronisms: 
rethinking the fruits extinct megafauna ate. PLoS One 3: 1745. 

23. TcrborghJ, Lopez L, Nunez VP, Rao M, Shahabuddin G, et al. (2001) 
Ecological meltdown in predator-free forest fragments. Science 294: 1923— 
1926. 

24. Hulme PE, KollmannJ (2005) Seed predator guilds, spatial variation in post- 
dispersal seed predation and potential effects on plant demography: temperate 
perspective. In: P-M Forget, JE Lambert, PE Hulme, SB Vander Wall, editors. 
Seed fate: predation, dispersal, and seedling establishment. Wallingford: CAB 
International, pp. 9-30. 

25. Muller-Landau HC (2007) Predicting the long-term effects of hunting on plant 
species composition and diversity in tropical forests. Biotropica 39: 372—384. 

26. Fleury M, Galetti M (2006) Forest fragment size and microhabitat effects on 
palm seed predation. Biol Conserv 131: 1-13. 

27. Houghton RA (2010) How well do we know the flux of C02 from land-use 
change? Tellus B Chem Phys Metcorol 62: 337-351. 

28. Dirzo R, Mendoza E, Ortiz O (2007) Size-related differential seed predation in 
a heavily defaunated Neotropical rain forest. Biotropica 39: 355-362. 

29. Jones ER, Curran LM, Wright DD, Mack AL (2008) Differential effects of 
mammalian seed predators on the regeneration of five Papua New Ginean tree 
species and implications for sapling recruitment. J Trop Ecol 24: 259-267. 

30. Connel JH, Slayter RO (1977) Mechanisms of succession in natural 
communities and their role in community stabiliy and organization. Am Nat 
111: 1119-1144. 

31. Luize BG, Carvalho MH, Fleury M, Galetti M (2007) A disponibilidade de 
frutos zoocoricos dc cspccics arboreas e arbustivas em tres ambientcs do Parque 
Estadual da Ilha Anchieta, SP. II Workshop - fenologia como ferramenta para 
conscracao e manejo de recursos vegetais arboreos. Curitiba, PR: Embrapa 
Florestas. 

32. Forget P-M, Wenny DG (2005) How to elucidate seed fate? A review of 
methods used to study seed removal and secondary seed dispersal. In: PM 
Forget, JE Lambert, PE Hulme, SB Vander Wall, editors. Seed fate: predation, 
dispersal and seedling establishment. Wallington, UK: CAB International, pp. 
379-394. 



33. Guillaumon JR, Marcondes MAP, Ncgrciros OC, Mota IS, Emmerich W, et 
al. (1989) Piano de Manejo do Parque Estadual da Ilha Anchieta. Sao Paulo. 
103 p. 

34. Nogales M, Helcno R, Traveset A, Vargas P (2012) Evidence for overlooked 
mechanisms of long-distance seed dispersal to and between oceanic islands. 
New Phytol 194: 313-317. 

35. Caldcron-Millcr L (2008) Chuva de sementes e limitacao ao rccrutamcnto em 
difcrentes fisionomias da Ilha Anchieta [Disscrtaclo dc McstradoJ. Rio Claro, 
SP: UNESP. 74 p. 

36. SvenningJ-C, Brorchsenius F, Bjorholm S, Balsev H (2008) High tropical net 
diversification drives the New World latitudinal gradient in palm (Arecaceae) 
species richness. J Biogeogr 35: 394—406. 

37. Pardini R, Bueno AA, Gardner TA, Prado PI, Mctzger JP (2010) Beyond the 
fragmentation threshold hypothesis: regime shifts in biodiversity across 
fragmented landscapes. PLoS One 5: el 3666. 

38. Pardini R, de Souza SM, Braga-Neto R, Metzger JP (2005) The role of forest 
structure, fragment size and corridors in maintaining small mammal 
abundance and diversity in an Atlantic forest landscape. Biol Conserv 124: 
253-266. 

39. Harrington G, Irvine A, Crome F, Moore L (1997) Regeneration of Large- 
Seeded Trees in Australian Rainforest Fragments: A Study of Higher-Order 
Interactions. In: R Bierregaard, W Laurance, editors. Tropical Forest 
Remnants : Ecology, Management and Conservation of Fragmented 
Communities. Chicago: University of Chicago Press, pp. 292—303. 

40. Kasangaki A, Kityo R, Kerbis J (2003) Diversity of rodents and shrews along an 
elevational gradient in Bwindi Impenetrable National Park, south-western 
Uganda. AfrJ Ecol 41: 115-123. 

41. Suntsov VV, Ly TVH, Adler GH (2003) Distribution of rodents along a 
gradient of disturbance on the Tay Nguyen Plateau of southern Viet Nam. 
Mammalia 67: 379-384. 

42. Bovendorp R, Galetti M (2007) Density and population size of mammals 
introduced on a land-bridge island in southeastern Brazil. Biol Invasions 9: 
353-357. 

43. Bovendorp R, Neves CL, Galetti M (2013) Phenotypic changes and small 
impoverishment on a Brazilian Atlantic Forest island. Mammalia 77: 51-58. 

44. Blate GM, Peart DR, Leighton M (1998) Post-dispersal predation on isolated 
seeds: a comparative study of 40 tree species of a Southeast Asia rainforest. 
Oikos 82: 522-538. 

45. Myster RW (2004) Regeneration filters in post-agricultural filcds of Puerto Rico 
and Ecuador. Plant Ecol 172: 199-209. 

46. Osunkoya OO (1994) Postdispersal suvivorship of north Queensland and 
rainforest seeds and fruits - effects of forest, habitat and species. AustJ Ecol 19: 
52-64. 

47. Wright SJ (2002) Plant diversity in tropical forests: a review of mechanisms and 
species coexistence. Oecologia 130: 1-14. 

48. Jansen PA, Bongers F, Hemerik L (2004) Seed mass and mast seeding enhance 
dispersal by a Neotropical scatter-hoarding rodent. Ecol Monogr 74: 569-589. 

49. Galetti M, Donatti CI, Steffler C, GeniniJ, Bovendorp R, et al. (2010) The role 
of seed mass on the caching decision by agoutis (Dasyprocta leporina). Zoologia 27: 
472-476. 

50. Cole RJ (2009) Postdispersal seed fate of tropical montane trees in an 
agricultural landscape, southern Costa Rica. Biotropica 41: 319-327. 

51. Brancalion PHS, Rodrigues RR, Novembre ADLC, Gomez JM (201 1) Are We 
Misinterpreting Seed Predation in Palms? Biotropica 43: 12-14. 

52- Donatti CI, Guimaraes PR, Galctti M (2009) Seed dispersal and predationin 
the endemic Atlantic rainforest palm Astrocaryum aculeatissimum across a gradient 
of seed disperscr abundance. Ecol Res 24: 1187—1195. 

53. Thompson K, Brand SR, Hodgson J G (1993) Seed size and shape predict 
persistence in the soil. Funct Ecol 7: 236-241. 

54. Silvius KM (2002) Spatio-temporal patterns of palm endocarp use by three 
Amazonian forest mammals: granivory or 'grubivory'? J Trop Ecol 18: 707— 
723. 

55. Silvius KM, Fragoso JV (2003) Rcd-rumped agouti (Dasyprocta leporina) home 
range use in an Amazonian forest: implications for the aggregated distribution 
of forest trees. Biotropica 35: 74-83. 

56. Emscns W-J, Suselbeek L, Hirsch BT, Kays R, Winkelhagcn AJS, et al. (2013) 
Effects of food availability on space and refuge use by a Neotropical 
scatterhoarding rodent. Biotropica 45: 88-93. 

57. Aliaga-Rossel E, Kays RW, Fragoso JV (2008) Home-range use by the Central 
American agouti {Dasyprocta punctata) on Barro Colorado Island. J Trop Ecol 24: 
367-374. 

58. Meyer ST, Leal IR, Tabarclli M, Wirth R (2011) Ecosystem engineering by 
leaf-cutting ants: nests of Atta cephalotes drastically alter forest structure and 
microclimate. Ecol Entomol 36: 14-24. 

59. Mather A (1992) The forest transition. Area 24: 367-379. 

60. Guariguata MR, Ostertag R (2001) Neotropical secondary forest succession: 
changes in structural and functional characteristics. Forest Ecology and 
Management 148: 185-206. 

61. Hulme PE (1994) Post-dispersal seed predation in grassland: its magnitude and 
sources of variation. J Ecol 82: 645-652. 

62. LI-COR (1991) Plant canopy analyser operating manual. Lincoln, NE: LI- 
COR Inc. 90 p. 



PLOS ONE | www.plosone.org 



7 



March 2014 | Volume 9 | Issue 3 | e90060 



Seed Fate under Contrasting Logging Regimes 



63. Bcnckc CSC, Morcllato LPC (2002) Comparacao dc dois mctodos dc avaliacao 
da fenologia dc plantas, sua intcrprctacao c reprcscnta^ao. Rev Bras Bot 25: 
269-275. 

64. Fournier LA (1974) Un mctodo cuantitativo para la mcdicion dc caractcristicas 
fenologicas en arbolcs. Turrialba 24. 

65. Gcnini J, Galctti M, Morcllato LPC (2009) Fruiting phenology of palms and 
trees in an Atlantic rainforest land-bridge island. Flora 204: 131-145. 

66. Wirth R, Meyer ST, Almeida WR, Araujo MV, Barbosa VS, ct al. (2007) 
Increasing densities of leaf ^cutting ants (Atta spp.) with proximity to the edge in 
a Brazilian Atlantic forest. J Trop Eeol 23: 501—505. 

67. Urbas P, Araujo MV, Leal IR, Wirth R (2007) Cutting more from cut forests: 
edge effects on foraging an herbivory of leaf-cutting ants in Brazil. Biotropica 
39: 489-495. 

68. Zar JH (1998) Biostatitical analysis. London: Prentice Hall. 929 p. 

69. McGarigal K, Cushman S, Stafford S (2000) Multivariate statistics for wildlife 
and ecology research. New York, NY: Springer. 283 p. 

70. Legendre P, Legendre L (1998) Numerical ecology. Amsterdam: Elsevier 
Science BV. 853 p. 

71. Borcard D, Gillet F, Legendre P (201 1) Numerical ecology with R. New York: 
Springer. 306 p. 

72. R-Development Core Team (2011) R: A Language and Environment for 
Statistical Computing. R Foundation for Statistical Computing, Vienna, 
Austria. Available: http://www.R-projcct.org/. 2.14.0. 

73. Holl KD, Lulow ME (1997) Effects of species, habitat, and distance from edge 
on post-dispersal seed predation in a tropical rainforest. Biotropica 29: 459— 
468. 

74. Duncan RS, Duncan VE (2000) Forest succession and distance from forest edge 
in an Afro-topical grassland. Biotropica 32: 33—41. 

75. Notman EM, Villegas AC (2005) Patterns of seed predation by vertebrate 
versus invertebrate seeds predators among different plant species, seasons and 
spatial distributions. In: P-M Forget, JE Lambert, PE Hulme, SB Vander Wall, 
editors. Seed fate: predation, dispersal and seedling establishment. Wallingford, 
UK: CABI Publishing, pp. 55-75. 

76. Davidson DW, Brown JH, Inouye RS (1980) Competition and structure of 
granivore communities. BioSeicnee 30: 233—238. 

77. DallingJW (2005) The fate of seed banks: factors influencing seed survival for 
light-demanding species in moist tropical forests. In: P-M Forget, JE Lambert, 
PE Hulme, SB Vander Wall, editors. Seed fate: predation, dispersal and 
seedling establishment. Wallingford: CABI Publishing, pp. 31-44. 

78. Asquith NM, Wright SJ, Clauss MJ (1997) Does mammal community 
composition control recruitment in neotropical forests? Evidence from Panama. 
Ecology 78: 941-946. 

79. Notman E, Gorehov DL (2001) Variation in post-dispcrsal seed predation in 
mature pcruvian lowland tropical forest and fallow agricultural sites. Biotropica 
33: 621-636. 

80. Pena-Claros M, dcBoo H (2002) The effect of forest successional stage on seed 
removal of tropical rainforest tree species. J Trop Eeol 18: 261-274. 

8 1 . Forget PM ( 1 996) Removal of seeds of Carapa procera (Meliaceae) by rodents and 
their fate in rainforest in French Guiana. J Trop Eeol 12: 751-761. 

82. Jansen PA, Elschot K, Verkerk PJ, Wright SJ (2010) Seed predation and 
defleshing in the agouti-dispersed palm Astrocaryum standleyanum.] Trop Eeol 26: 
473-480. 



83. Burkcy TV (1993) Edge effects in seed and egg predation at two Neotropical 
Rainforest sites. Biol Conscrv 66: 139-143. 

84. VanderWall SB (1990) Food hoarding by animals. Chicago: Chicago 
University Press. 445 p. 

85. Asquith NM, Terborgh J, Arnold AE, Riveros CM (1999) The fruits the agouti 
ate: Hymcnaea courbaril seed fate when its disperscr is absent. J Trop Eeol 15: 
229-235. 

86. Jansen PA, Hirsch BT, Emscns W-J, Zamora-Gutierrcz V, Wikelski M, ct al. 
(2012) Thieving rodents as substitute dispcrscrs of megafaunal seeds. Proc Natl 
Acad Sci USA 109: 23610-12615. 

87. Rccs M, Condit R, Crawley M, Pacala S, Tilman D (2001) Long-term studies 
of vegetation dynamics. Science 293: 650-655. 

88. Eckroyd C (1996) The ecology of DacAylanthus /ay/orii and threats to its survival. 
N ZJ Eeol 20: 81-100 

89. Campbell DJ, Atkinson IAE (2002) Depression of tree recruitment by the 
Pacific rat (Rattus exulans Pealc) on New Zealand's northern offshore islands. 
Biol Conscrv 107: 19-35. 

90. Campbell DJ, Atkinson IAE (1 999) Effects of kiore (Rattus exulans) on 
recruitment of indigenous coastal trees on northern offshore islands of New 
Zealand. J R Soc N Z 29: 265-290. 

91. Wilson DJ, Wright EF, Canham CD, Ruscoc WA (2007) Neighborhood 
analyses of tree seed predation by introduced rodents in a New Zealand 
temperate forests. Ecography 30: 105-119. 

92. Fadini RF, Fleury M, Donatti CI, Galctti M (2008) Effects of frugivore 
impoverishment and ovcrabundandt seed predators on the recruitment of a 
keystone palm in the Atlantic forest. Acta Oecologica doi: 1 0. 1 0 1 6/j . 
actao.2008. 10.001. 

93. Bowers MA, DooleyJLJr (1993) Predation hazard and seed removal by small 
mammals: microhabitat versus patch scale effects. Oecologia 94: 247—254. 

94. Bowers MA, Matter SF (1997) Landscape ecology of mammals: relationships 
between density and patch size. J Mammal 78: 999—1013. 

95. Fleury M, Galctti M (2004) Effects of microhabitat on palm seed predation in 
two forest fragments in southeast Brazil. Acta Oecologica 26: 179—184. 

96. Wilder SM, Meikle DB (2005) Reproduction, foraging and the negative 
density-area relationship of a gcneralist rodent. Oecologia 144: 391-398. 

97. Umctsu F, Pardini R (2007) Small mammals in a mosaic of forest remnants and 
anthropogenic habitats c evaluating matrix quality in an Atantic forest 
landscape. Landsc Eeol 22: 517-530. 

98. Piittker T, Meyer-Lucht Y, Sommcr S (2008) Fragmentation effects on 
popularion density of three rodent species in secondary Atlantic Rainforest, 
Brazil. Stud Neotrop Fauna Environ 43: 11-18. 

99. Williams PA, Karl BJ, Bannister P, Lee WG (2000) Small mammals as potential 
seed dispersers in New Zealand. Austral Eeol 25: 523—532- 

100. Vander Wall SB, Longland W (2004) Diploehory: arc two seed dispcrscrs better 
than one? Trends Eeol Evol 19: 155-161. 

101. Howe HF, Brown JS (1999) Effects of birds and rodents on synthetic tallgrass 
communities. Ecology 80: 1776-1781. 

102. Krishna A, Guimaracs PRJr, Jordano P, Bascomptc J (2008) A neutral-niche 
theory of ncstcdness in mutualistic networks. Oikos 117: 1609-1618. 

103. Budowski G (1965) Distribution of tropical American rain forest species in the 
light of successional process. Turrialba 15: 40-42. 



PLOS ONE | www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e90060 



